The structure of O-AlFePd has been analyzed by single-crystal X-ray diffraction, yielding space group Cmca (No. 64), a = 0.8130(1) nm, b = 1.5474(2) nm, c = 2.3868(4) nm, atoms/cell = 204, F(000) = 3339, D calc = 5.621 Mg m ¹3 and R = 0.0294 for the 2117 observed reflections with F obs > 4.0·(F obs ). The structure consists of four Fe sites, one Fe/Pd mixed site, and fifteen Al sites, and the corresponding structural formula is Al 13 (Fe,Pd) 4 (Z = 8). The O-AlFePd phase is a new type of approximant of decagonal quasicrystals with a periodicity of 0.8 nm, and the alternation of flat and puckered layers at an interval of about 0.2 nm is the fundamental structural feature. The structure could be also described by a linkage of pentagonal atom columns similar to that found in monoclinic Al 13 Fe 4 . Nevertheless, the columnar linkage for the O-AlFePd phase is unique, and this allows us to advance an idea explaining the fine (001) glide twins frequently found in the Al 13 Fe 4 phase.
Introduction
The ternary AlFePd system belongs to the class of quasicrystal-forming systems. The formation of an icosahedral phase was first discussed for a composition of Al 70 Fe 20 Pd 10 , 1) and later one-dimensional quasicrystals and a stable decagonal phase with a periodicity of 1.6 nm were suggested to appear at a composition near Al 75 Fe 10 Pd 15 .
2,3)
These exciting results stimulated the study of approximants and related crystalline compounds with the goal of finding the detailed atomic arrangements of quasicrystals. The C2-phase (Fm3, a = 1.55 nm, Al 65 Fe 5 Pd 30 ) 4) and C1-phase (Im3, a = 1.54 nm, Al 69 Fe 14 Pd 17 ) 5) structures could be classified into cubic approximants of the icosahedral phase, and the obtained atomic arrangement was considered an example of the¸-inflated series (¸: golden ratio) of dodecahedral atom clusters realized in icosahedral quasicrystals. 6) In the case of the decagonal phase, the structures of Al 3 Pd 7) and Al 13 Fe 4 810) also provide useful information about the decagonal atom columns with periods of 1.6 and 0.8 nm, respectively.
Following these reports, the phase diagram of the AlFe Pd system was reexamined in the region of 50 to 100 at% Al.
1113) The Al-rich part of the ternary AlFePd alloy system exhibits three crystalline groups, and each was expected to provide useful structural information on the local atomic arrangement of the quasicrystals. The first is a group of C, C1 and C2 cubic phases that are related to icosahedral quasicrystals, and the structures of the C1 and C2 phases can be explained as superstructures of the C phase. 4, 5, 13) The second group consists of derivative structures based on the Al 3 Pd structure, and at least four specific variants have been found in the composition range from 0 to 12 at% Fe and from 15 to 26 at% Pd. They are usually designated ¾6, ¾16, ¾22 and ¾28, where each index is the number l for the strong (00l) reflection with d µ 0.2 nm. The diffraction patterns for these variants often indicate the formation of distorted ¾-structures; nevertheless, recent highresolution electron microscopy has revealed their structural features through application of the concepts of stacking densities or phason planes. 14, 15) The last group is related to monoclinic Al 13 Fe 4 with a periodicity of 0.8 nm.
810) Unlike in the binary AlCo system, 16) the phase relationship in the monoclinic Al 13 Fe 4 phase is rather simple. The orthorhombic O-AlFePd (Cmca, a = 0.81 nm, b = 1.55 nm, c = 2.39 nm) phase is a unique related phase, and a similar structure in the a-c plane to that of Al 13 Fe 4 has been suggested. 10) In this context, the atomic arrangement of the O-AlFePd phase is expected to provide further information on the typical columnar units and their linkage, which will advance our understanding of the structure of AlFe-based decagonal phases. The purpose of the present paper is to demonstrate the structural features of the O-AlFePd phase obtained from single-crystal X-ray diffraction.
Experimental
An alloy ingot with a composition of Al 85.6 Fe 10 Pd 4.4 was prepared from pure Al (99.999%), Pd (99.5%) and Fe (99.99%) metals using conventional arc melting in an Ar atmosphere. Some fragments of the obtained ingot were charged in an Al 2 O 3 crucible (10 mmº © 15 mm) and sealed into an evacuated silica glass tube. This sample tube was heated at 1000°C for 24 h, then cooled down to 700°C at a speed of 30°C/h and subsequently to 600°C at 2.5°C/h. After the heat treatment, the alloy sample was quenched in ice water. As shown in the back-scattering electron micrograph in Fig. 1 12, 13) A single crystal of about 0.06 mm square was cut from the annealed sample and mounted to a glass fiber for singlecrystal X-ray diffraction. Intensity data were collected in the ½-2ª scan mode on an AFC7R (Rigaku) four-circle diffractometer with monochromated Mo K¡ radiation ( = 0.071073 nm). During the measurements, the intensities of three standard reflections were monitored every 200 reflections; the fluctuation of those intensities was less than about 3.0·(I). After Lorentz and polarization corrections, an absorption correction was performed by means of a ¼-scan algorithm. 17) First, the program package SIR97, 18) based on direct methods, was used to obtain an initial structural model for O-AlFePd. The resultant structural model was subsequently refined by the least-squares program SHELXL-97. 19) The neutral atomic scattering factors and corresponding terms for the anomalous dispersion corrections were provided by the International Tables for X-ray Crystallography Volume C. 20) Cell parameters of a = 0.8130(1) nm, b = 1.5474(2) nm and c = 2.3868(4) nm were obtained from the least-squares calculation applied to the 24 well-centered 2ª values between 38.7 and 39.6°. The experimental details for the measurements using Mo K¡ radiation are summarized in Table 1 together with the final results.
For the monoclinic Al 13 Fe 4 phase, an alloy ingot with a composition of Al 95 Fe 5 was prepared from pure Al (99.999%) and Fe (99.99%) metals using conventional arc melting in an Ar atmosphere. Some fragments of the obtained ingot were annealed in a way similar to that used for the O-AlFePd. The sample tube was heated at 1180°C for 24 h, then cooled down to 700°C at a speed of 10°C/h. After the subsequent 24-h annealing at 700°C, the alloy sample was quenched in ice water. The intensity pattern for the monoclinic Al 13 Fe 4 phase indicated no significant changes from that previously reported; therefore, the structural refinement was started from the initial structural parameters of Al 13 Table 1 .
Structural Analysis
The intensity distribution of the O-AlFePd phase suggests a Laue symmetry of mmm together with a systematic extinction rule of h + k = 2n for the hkl reflections. Further extinction conditions of l = 2n and h = 2n for the h0l and hk0 reflections, respectively, lead to the space groups of Cmca (No. 64) or C2ca (No. 41), and the space group Cmca with center symmetry was selected for the present analysis. Since the content of Pd is very small in this crystal sample, an initial structural model in which five Fe and fifteen Al sites are fully occupied by their respective elements was tested first. The least-squares analysis with isotropic temperature factors converged to R(F) = 0.0811 for the 1521 observed reflections. However, the isotropic temperature factor for the Fe4 site was negative, and the corresponding interatomic distances are significantly longer than those found for the other Fe sites. This result readily indicates the residence of heavy and large Pd atoms at this site. Two chemically disordered models with Al/Pd4 or Fe/Pd4 were also tested in the present analysis. The latter model produced relatively convincing agreement with the contents of Pd and Fe obtained by EPMA, and thus the present structural analysis suggests that the disordered Index range ¹0.89 ¹1.21
Fe/Pd4 site is present. When anisotropic temperature factors and an extinction parameter were introduced, the refinement finally converged to R(F) = 0.0294. As for the monoclinic Al 13 Fe 4 crystal, the structural refinement safely converged to R(F) = 0.0276 for the 2002 observed reflections without any difficulties. The temperature factors for every position converged to ordinary values, and the partial occupation of the Al site reported in a previous result 9) could not be reproduced in the present analysis. The detailed experimental conditions for the structural analysis are listed in Table 1 . The final atomic coordinates, equivalent temperature factors, and anisotropic temperature factors are listed in Tables 2 and 3 .
Results and Discussion

The structure of O-AlFePd
The FeAl pair distances around the Fe1, Fe2, Fe3 and Fe5 sites fall into the range of FeAl = 0.2370.319 nm, and those for the AlAl pairs fall into the range of Al Al = 0.2550.320 nm. These local structural features around Fe and Al are well reproduced in the reference structures. 8, 9, 21) Nevertheless, the local structure around Fe/Pd4 is unique, and the nearest neighbor distance there is Fe/ Pd4-Al17 = 0.2502(1) nm. This Fe/Pd4-Al17 distance falls between the typical ones for FeFe and AlAl pairs and supports the present structural model with a chemically (5) disordered Fe/Pd4 site. The converged occupation value of Pd at the Fe/Pd4 site indicates 3.1 Pd atoms in a unit cell, which is slightly smaller than the 4.1 atoms estimated by EPMA. This disagreement could be readily explained if the remaining Pd was considered to reside at several Fe or Al sites, and such chemically disordered sites for Pd and Al have been frequently reported in a variety of approximant structures. 22, 23) However, the present authors maintain the view that the Fe/Pd4 site is exactly the host for the Pd distribution and that the further possibility of Pd residing at other sites should be tested by more systematic single-crystal structure analysis. In this context, the structural formula for O-AlFePd could be well approximated by Al 13 (Fe,Pd) 4 , and this agrees well with the chemical composition obtained by EPMA. In the phase diagram of the AlFePd system, 13) the highest limit of the Pd content in O-AlFePd is 3.8 mol% Pd, and this value does not exceed 3.9 mol% (= 8/204), which corresponds to the value calculated from a structural model with full occupation of Pd at Fe/Pd4.
The structure of O-AlFePd is described by a pile of a flat layers at x = 0 and a puckered layer at x µ 0.25 (Figs. 2(a) and 2(b) ). The layers at x = 1/2 and µ0.75 are shifted from those at x = 0 and µ0.25 by a C-centered translation (a/2, b/2, 0). As can be seen in the hatched area of Fig. 2(a) , an Al atom is surrounded by a decagon of five Fe and five Al atoms. This decagon is sandwiched 
The structure of monoclinic Al 13 Fe 4
The distances for the FeAl pairs fall into the range of Fe Al = 0.2370.282 nm, and those for the AlAl pairs fall into the range of AlAl = 0.2530.322 nm. The extraordinarily short FeAl and AlAl distances reported in previous results 8) could not be found in the present structure. In addition, the partial occupation of Al7 9) could not be confirmed in the present analysis, although its isotropic temperature factor is the largest among the fifteen Al sites. A detailed structural description and the local atomic coordination for the constituents were well described in the previous results; 9) this paper only shows the structure by using atom columns, as shown in Fig. 3(b) .
The (001) glide twins of Al 13 Fe 4
Although the arrangement of hexagonal motifs in the Al 13 Fe 4 phase is the same as that in O-AlFePd, the difference between the two structures can be readily specified by the coloring of the pentagonal tiles. This implies that the small change in chemical composition introduces a variation in the arrangement of the atom columns. In other words, the existence of the medium-sized Fe/Pd4 site at the expense of the small Fe site is suggested to be an important key for producing the different tiling scheme realized in the structure of O-AlFePd. The structure of orthorhombic Al 13 Co 4 26,27) and Al 13 (RuNi) 4 28) is also shown in Fig. 3(c) , demonstrating another arrangement of hexagonal motifs composed of atom columns. These three variations could introduce a variety of structural features in decagonal phases. At the same time, they give us a useful idea for understanding the twin structures frequently found in the Al 13 Fe 4 phase as shown in Fig. 4 . As an example, the occurrence of a stacking fault so as to produce a unit structure of O-AlFePd could realize the (001) glide reflection twins of monoclinic Al 13 Fe 4 . 8, 28) It may be added that the arrangement of the hexagonal motif found in Fig. 3(c) similarly allows us to produce the (100) and ð20 1Þ glide twins of monoclinic Al 13 
